PACS 71.27.+a -Strongly correlated electron systems; heavy fermions PACS 71.70.Ej -Spin-orbit coupling, Zeeman and Stark splitting, Jahn-Teller effect PACS 71.20.-b -Electron density of states and band structure of crystalline solids Abstract -The origin of negligible spin-orbit coupling effects on the ground-state properties of UO2 is examined using the LDA+DMFT and the LSDA+U methods. Although the previous theoretical results neglecting the spin-orbit coupling (SOC) are in reasonable agreement with experiments, this insensitivity has not been investigated. Via the charge density distribution, we show that the SOC does not affect the U-O bonding states which are directly related to the bonding properties (e.g., lattice constant, bulk modulus, and oxidation/reduction energies).
are developed in order to describe the correlation effects of uranium 5f -electrons accurately. These yield relevant results for the structural, electronic, and magnetic properties in good agreement with the experimental results [8] [9] [10] [11] [12] . The more advanced techniques such as the dynamical mean-field theory (DMFT) and the selfinteraction correction approaches are developed for the description of the many-body electronic structures of actinide compounds [13] [14] [15] . Among them, the LSDA+U is the most widely used method, because it can be easily implemented into the conventional DFT packages. The LSDA+U method is also widely applied to many correlated electron systems such as the transition metal oxides and rare-earth compounds [2, 8, [16] [17] [18] [19] [20] [21] [22] [23] .
There have been many theoretical studies of the uranium oxides with the LSDA+U method; however the effect of the SOC has not been clearly identified. Usually the SOC is ignored in predicting the physiochemical properties [2, 20, 24, 25] , because it is believed to have limited influence on the thermodynamic and structural properties [24] . However, the SOC is expected to be important for the description of the magnetic and electronic ground state, because the heavy elements have strong SOC contribution to the electronic structure. Indeed, the SOC effect has been reported to be important in structural properties such as the unusual simple cubic structure of α-polonium [26] and the thermal properties such as the specific heat of bismuth [27] . So, there is a need to understand not only the strong correlation effects but also the contributions of the SOC to the physiochemical properties of the uranium oxides.
Here, we first verify the accuracy of the LSDA+U method by comparing its predictions with the LDA+DMFT method, then we compare the LSDA+U calculations with and without the SOC to examine its contribution to the predicted physiochemical properties. Finally, we discuss the origin of insensitivity to the SOC. We use the charge density distributions obtained with and without the SOC and examine the charge density along the U-O bonding, which is directly related to the mechanical and thermal properties of materials.
Methods. -LDA+DMFT. The LDA+DMFT method is a combination of the DFT and DMFT methods [28] . The detail of the DMFT implementation to the DFT method has been introduced in ref. [29] . The effective oneparticle Hamiltonian is generated by the LDA calculation and the Coulomb interaction among the correlated orbitals is taken into account by the DMFT calculations. The spectral function is obtained from the electron Green's func-
where
Here, the one-particle Hamiltonian H k and overlap matrix O k is obtained from the LDA method. The electron correlation effect is treated by the self-energy Σ(ω), which is computed by using the NCA (non-crossing approximation) impurity solver. We use the on-site Coulomb interaction U = 4.0 eV on the U 5f -electrons and the Hund coupling constant J = 0.56 eV. The temperature is prescribed as 23 K. LSDA+U . The LSDA+U method, where U designation addresses the correlation effect for uranium 5f -electrons, is selected in the WIEN2k package [30] that used the fullpotential augmented plane wave plus local orbital as the basis. Inclusion of the on-site Coulomb repulsion is represented by the Hubbard model consisting of a mean-field solution and a fluctuation term due to Coulomb interaction [21, 31, 32] , i.e.
where {ε i } are the Kohn-Sham eigenvalues, ρ σ lj is the density matrix of d or f orbital, σ refers to the spin direction, and U and J are model parameters for the Coulomb and exchange interactions, respectively, which can be obtained from the first-principles calculations [33] [34] [35] . Here (U −J) is the same as the effective U (U eff ). The value of U eff has been optimized by adjusting the calculated band gap to the experimental value.
For all uranium compounds, the same U eff value is used. The U eff value is the property of localized uranium f orbital, so it does not change a lot depending on the compounds. Although there could be small variations in the optimal U eff value depending on the compounds, this does not affect the tendency much.
Results and discussion. -Crystal structures of uranium oxides. Among the actinide oxides, AO 2 , A 2 O 3 , and A 4 O 9 (A = actinide elements) are generally the most important compounds. The UO 2 has a cubic fluorite structure as the ground-state structure with space group F m3m which is used here. The large octahedral holes are a typical feature of the fluorite structure, and they are easily occupied by defects (e.g., interstitial ions) [24] . The F m3m can transform to an orthorhombic structure (Pnma) under high pressure (beyond 40 GPa) [1, 23, 36] .
Although UO 2 shows the Jahn-Teller distortion with the 3k antiferromagnetic (AFM) order below the Néel temperature, we use the undistorted fluorite structure with the 1k AFM ordering as done in many previous theoretical studies, which is good enough for the discussion of the role of the SOC in UO 2 due to very small energy difference [37] .
U 4 O 9 has three phases known as α, β, and γ between room temperature and 1273 K. However, its structure is rather complicated, a fluorite-type 4 × 4 × 4 supercell as the unit cell [38, 39] , a challenge for the direct ab initio calculations (it requires extensive computation).
Therefore, Petit et al. simplified the unit cell by adding an O atom in the octahedral cavity creating the isotope compound U 4 O 9 [15] , i.e., a defective UO 2 [22] , which is also used here. The calculated lattice constant is 5.38Å which is slightly smaller than the experimental value (5.44Å) and may be due to the simplified U 4 O 9 structure and this is also found by others [20, 23] .
The bulk U 2 O 3 and Np 2 O 3 do not exist naturally. However, beyond Pu, the actinide sesquioxides exist and have three different structures, i.e., the A, B, and C types. For testing the reduction energy, the crystal structure of Pu 2 O 3 is used to construct that of U 2 O 3 [15] [16] [17] [18] . The Pu 2 O 3 is synthesized only in two form, α-Pu 2 O 3 (C type) and β-Pu 2 O 3 (A type) [15] . So, the crystal structures of α-U 2 O 3 (C type) and β-U 2 O 3 (A type) are constructed by using the lattice and internal parameters of Pu 2 O 3 . After optimization of the lattice constants and internal parameters, several properties of the U 2 O 3 are calculated.
Although there is no experimental result for U 4 O 9 and U 2 O 3 , the predicted bulk moduli show the same trend as those of Geng et al. [22] . They reported that although there is a structure dependence, with increase in the oxidation up to U 4 O 9 , the bulk modulus increases.
Electronic structure. First we compare the LDA+DMFT result and the LSDA+U result to confirm that the LSDA+U method correctly describes the correlation effects of the uranium 5f -electrons. The results are shown in fig. 1(a) . Our LDA+DMFT result agrees well with a previous calculation [40] . The LSDA+U results also well describe the correlation effect of the U 5f -electrons. Especially, the lower Hubbard band originated from the localized U 5f -electrons is quantitatively described by the LSDA+U method as well in fig. 3 . Also the small contribution of the U 5f orbital in the O p-band position, which cannot be ignored in the U-O bonding, is well captured by the LSDA+U method. We conclude that the LSDA+U method is appropriate for describing the physical and chemical properties of the UO 2 . Later, we will discuss several properties predicted by the LSDA+U method.
The ground-state lattice constants of UO 2 , obtained from the lattice relaxation, agree well with the experimental values and previous calculations. The calculated results are compared with the experimental [1, [41] [42] [43] [44] [45] [46] and calculated results [8, 12, 19, 20, 23] , with good agreement as shown in table 1.
The change in the electronic structures with the inclusion of the SOC is shown in fig. 1(b) , e.g., the band gap energy with and without the SOC. Since the calculation without the SOC gives larger band gap than the one with SOC at the same U eff value as shown in fig. 1(b) , we use a larger U eff (4.5 eV) compared to the previous studies (U eff = 4.0 eV) which did not consider the SOC [8, 12, 19, 20, 23, 26, 47] to reproduce the experimental band gap. Also the electronic DOS near the band gap is affected by the inclusion of the SOC, indicating the change in the transport properties depending on the doping (Fermi level). So, we expect that the excited-state properties to be affected by the inclusion of the SOC.
Ground-state properties. We investigate the SOC effect on the ground-state magnetic ordering by using the total energy calculation. In the PuO 2 , it is reported that LSDA+U method without the SOC fails to capture the paramagnetic ground state of PuO 2 [48] . The groundstate lattice constant and the bulk modulus are determined by fitting the calculated total energies with the Birch-Murnaghan equation of state.
Non-magnetic (NM), ferromagnetic (FM), and antiferromagnetic (AFM) configuration are considered. For reference, in the AFM case, the spin magnetic moments are 1.79 μ B and 1.83 μ B with and without the SOC, and the orbital magnetic moments are 3.37 μ B and 0, respectively.
Figures 2(a) and (b) show the calculated energy as a function of lattice constant, for the UO 2 with and without the SOC. The energies are referenced to the fitted groundstate energies for the AFM configuration. Unlike the PuO 2 case, the AFM configuration is correctly captured as the ground state for both cases. The ground-state energy of the NM configuration is much higher than that of magnetic configuration. (0.754 and 1.410 eV/U-atom for with and without SOC, respectively.)
The energy difference between the AFM and FM ordering is 3 and 10 meV/U-atom, with and without the SOC, respectively. These values are consistent with the Néel temperature of 30 K, assuming the mean-field approach of the Heisenberg model on an fcc lattice [49] . The lattice constant and bulk modulus of other uranium oxides compounds are also calculated with and without the SOC and listed in table 2. Without the SOC the lattice constants are underestimated and the bulk moduli are overestimated, but the differences are not large. So, the calculations without the SOC give results in agreement with the experimental results (similar to previous studies not considering the SOC effect [8, 12, 19, 20, 23] ).
The knowledge of the oxidation and reduction of UO 2 is important for a safe disposal of the nuclear wastes and possible chemical changes in the fuel material during the reactor operation. We verify these oxidation and reduction trends using the calculated total energies and examine the SOC effect on the oxidation and reduction energies. We assume 0 K to remove the entropy contribution in the free energy, so the oxidation/reduction energies are
where E(A) is the total energy of compound A. The calculated oxidation energy with the SOC is −1.36 eV/U-atom. This is reasonable considering UO 2+x is oxidized up to x = 0.25, U 4 O 9 , and its experimental oxidation energy −1.8 eV/U-atom [50] . The difference of about 0.46 eV is from the simplified U 4 O 9 structure used, so the agreement is fair. The calculated oxidation energy without the SOC is −1.56 eV/U-atom which is slightly larger than the value calculated with the SOC. A previous study not including the SOC with the same structure, finds −1.4 (LSDA + U , U eff = 4.0 eV) [23] , −1.5 (GGA + U , U eff = 4.0 eV) [9] , and −1.9 eV/U-atom (LSDA + U , U eff = 3.99 eV) [20] . All these are in a reasonable range compared to the experimental value.
The reduction energies with the SOC are 6.11 and 6.26 eV/U-atom when UO 2 is reduced to α-U 2 O 3 and β-U 2 O 3 , respectively. The larger, positive reduction energies mean the U 2 O 3 phase is very unstable compared to UO 2 , when exposed to oxygen, reasonable since the U 2 O 3 does not naturally exist.
The reduction energies without the SOC are 5.91 and 6.29 eV/U-atom, for α-U 2 O 3 and β-U 2 O 3 . So, the reduction energies for UO 2 are not sensitive to the inclusion of the SOC effect. The Pu 2 O 3 is obtained by partial reduction of PuO 2 at high temperatures [51] . The reduction energies are 1.72 (calculated with LSDA+U ) [18] and 2.16 eV/U-atom (experiment) [52] when PuO 2 was reduced to α-Pu 2 O 3 and β-Pu 2 O 3 . For the oxidation and reduction energies of UO 2 , the calculations with and without the SOC result in a small difference. Insensitive SOC effects on charge density distribution. As mentioned above, the SOC is important in describing the electronic and magnetic properties of a heavy atom system, but the effect on the physiochemical properties of UO 2 are not as important. So we investigate the change of the bond charge density by including the SOC.
To verify the SOC effect on bonding and non-bonding states carefully, the partial charge densities are calculated for a prescribed bonding, the non-bonding energy range, and the total energy range. We assign the bonding (about −6 ÷ −2 eV) and non-bonding (about −1-0 eV) states in the valence bands of the UO 2 , based on the previous XPS studies, as shown in fig. 3 [42, 53] . The assigned nonbonding state, which is right below the Fermi level, has mainly the U 5f orbital characters. Although the assigned bonding states has small U 5f orbital characters, the U 5f orbital plays an important role in the U-O bonding. To verify the importance of the U 5f orbitals in the bonding, we employed the open-core method which treats the U 5f -electrons as core electrons to remove their contribution to the bonding. The open-core calculation underestimates the volume by around 5%, so we can conclude that the contribution of the U 5f orbitals in bonding is crucial for the description of lattice properties.
Figures 4(a) and (b) show the charge density distribution differences between the results with and without the SOC (ρ with SOC − ρ w/o SOC ). To examine the SOC effect on the U-O bonding, we analyze the charge density distribution on the (1 0 0) plane of the UO 2 unit cell which contains the U-O bonding ( fig. 4(a) ). For the bonding energy range, there is a very small difference between the two results. Especially, there is a negligible difference in the middle of the U and O atoms, which is important for the U-O bonding properties. The charge density difference over the entire energy range is not negligible, however this difference mainly comes from the non-bonding energy range which is not significant for the bonding. So we can conclude that the charge density in the bonding energy range is not affected much by including the SOC, while the charge density in the non-bonding region is affected by the inclusion of the SOC. These results indicate that the non-bonding states, from the U 5f orbital character, are affected more by the SOC, while the U-O bonding states are not significantly changed by the SOC. The charge density distribution is directly related to the bond strength, which determines most of physiochemical properties such as lattice constant, bulk modulus, and redox energy. For comparison, the α-Po, whose bonding properties are strongly affected by the inclusion of the SOC, shows a significant difference in the charge density distribution by the SOC effect [54] .
Conclusion. -We have verified the role of the SOC on the physiochemical properties of uranium oxides. We confirmed that the LSDA+U method results agree well with the results of the LDA+DMFT in the spectral function. So, we analyzed several physiochemical properties of the uranium oxides using the LSDA+U method. The excitedstates properties, such as the electronic band gap, the DOS and the magnetic moment, are sensitive to the inclusion of the SOC. On the other hand, the physiochemical properties, including the lattice constant, the bulk modulus, and the oxidation/reduction energy, are not. We found that the SOC does not affect the charge density of the U-O bonding states, which in turn determines the thermophysical properties. So the SOC should be carefully excluded only for the analysis of the ground-state properties. * * *
